Striga hermonthica (Del.) Benth. is an obligate hemiparasitic angiosperm which can cause severe losses of yield in cereal crops in the semi-arid tropics. The effects of this parasite on the growth and stomatal conductance of three varieties of maize {£ea mays L.) during the first 6 weeks of the association have been studied. From 24 d after planting (DAP), infected plants were significantly shorter than uninfected controls. When the plants were harvested 45 DAP, infected plants had fewer fully expanded leaves, less leaf biomass and less pseudo-stem biomass than uninfected controls. However, the parasitized plants had more root biomass and hence a higher root:shoot ratio than uninfected controls. The stomatal conductance of infected hosts was severely inhibited by comparison with that in uninfected plants.
Introduction
Striga hermonthica is one of the most important agricultural pests of cereal crops in the semi-arid tropics. It is an obligate root hemiparasite, native to savannah ecosystems where wild grasses are the hosts. However, S. hermonthica infestation in crops such as maize, sorghum and millet can cause devastating losses of yield, and the problem is increasing (Parker, 1991) . Each plant can produce up to 100 000 seeds, which may lie dormant but viable for up to 20 years. Control measures are both difficult and expensive and, therefore, land which is infested with Striga is often abandoned by the subsistence farmers who depend upon it for their survival.
Although the effects of S. hermonthica on the productivity of crops have been observed for many years, the mechanisms by which these parasites affect the growth and productivity of their hosts are not well understood. Striga plants have only vestigial root systems which limit their ability to take up water and nutrients from the soil. The parasites are attached to the host roots by specialized structures called haustoria and rely upon the host plants for most of their nutrient and water supply (Visser and Ddrr, 1987) . It has been observed previously that host plants tend to have lower stomatal conductances than plants of the same species which have not been parasitized , whereas the parasites often have much higher stomatal conductances than their hosts . As a result of this it has been suggested that solutes contained in the host xylem stream are diverted to the parasite (Press and Whittaker, 1993) .
From modelling studies it has been estimated that up to 80% of the carbon not gained by parasitized host plants can be accounted for by a limitation in host photosynthesis, with the remaining 20% accounted for by theft of carbon by the parasite (Press and Graves, 1991) . However, it has also been suggested that the balance of growth regulators may be altered as a result of infection (Stewart and Press, 1990; Press and Graves, 1991) , which could contribute to the observed changes in growth and development. Little work has been carried out so far into the effects of parasitic angiosperms on the levels of endogenous plant growth regulators in the host. The symptoms of S. hermonthica infection, i.e. lower stomatal conductance, lower pseudo-stem height, and greater root growth are similar to those which, in other plants, have been attributed to increased concentrations of ABA (Quarrie, 1991) . The possibility that ABA may play an integral role in the responses of host plants to infection by hemiparasites is supported by the work carried out by Drennan and El Hiweris (1979) , who reported an increase in ABA concentration of xylem sap and shoot material from sorghum infected by S. hermonthica. The elevated ABA concentration in the host could be wound-induced (due to the penetration of the roots by the parasite) and/or drought-induced (due to the profligate use of water by the parasite), or may originate in the parasite.
The aim of this research was 2-fold. Firstly, the growth and stomatal conductance of three varieties of maize parasitized by S. hermonthica was characterized. Maize was chosen as it is one of the most widely grown and preferred cereal crops in Africa and is known to be highly sensitive to parasitism by S. hermonthica (Press and Graves, 1991) . Secondly, tissue ABA concentrations were determined for both maize and Striga. In order to determine whether Striga is capable of mobilizing or synthesizing ABA in isolation from the host, leaves of S. hermonthica were detached and allowed to lose a percentage of their fresh weight before carrying out ABA analysis on the tissue.
Day and night temperatures were maintained close to 35 °C and 25 °C, respectively. Plants were maintained under a bank of warm white fluorescent tubes (Philips, 125 W), with a photoperiod of 16 h at 200 ftmol m~2 s" 1 PAR. Plants were watered with tap water for the first 2 weeks, then with 200 ml per pot of 40% Long Ashton solution containing 1 mol m" 3 ammonium nitrate, three times per week. Tap water was supplied on the other days to ensure that the sand remained moist at all times.
Growth measurements
Ligule height of the maize plants, from the base of the pseudostem to the ligule of the youngest fully expanded leaf, was measured 17, 24, 38, and 45 d after planting (DAP). To measure biomass, a destructive harvest was made 45 DAP. The leaves and pseudo-stems were frozen immediately in liquid nitrogen, then freeze-dried before weighing. Roots were washed, then oven-dried at 80 °C for 48 h before being weighed.
Stomatal conductance
Stomatal conductance of maize was measured with a porometer (AP4, Delta-T Devices Ltd., Cambridge, UK). Conductance was recorded in the youngest fully expanded leaf of each plant, on the underside of the widest part of the leaf. This was carried out in the afternoon 45 DAP, immediately before the plants were harvested, so that the data could be related to the ABA status of the plant at that time. The plants were well-watered to ensure that they did not experience a deficit in the water supply.
ABA measurement
The concentration of ABA was measured in both maize and S. hermonthica tissue. Freeze-dried tissue from the widest part (approximately halfway along the leaf) of fully expanded maize leaves was ground into small particles prior to the assay. Freeze-dried shoot material of 5. hermonthica was also ground up before the assay. A 50 mg sample of ground tissue was used for each measurement. ABA concentrations were measured by radioimmunoassay (RIA) using the monoclonal antibody, MAC62, and the protocol of Quarrie et al. (1988) . The assay has previously been validated for crude aqueous extracts of maize leaves, with no serious interference being recorded (Quarrie et al., 1988) . The validity of the ABA assay was confirmed for aqueous extracts of S. hermonthica shoots using TLC (Quarrie et al., 1988) and the dilution/spike recovery test (Jones, 1987; Zhang and Da vies, 1990a) .
Materials and methods

Plant material and growth conditions
Five milligrams of S. hermonthica seeds, collected from sorghum hosts in Samaru, Nigeria, were sown 3 cm below the surface of each 7 1 pot filled with washed sand. The pots were placed in a growth room and watered regularry for 2 weeks to precondition the seeds. Three varieties of maize were used as host plants: cv.
LG2080, cv. Cargimontana and cv. Kelvedon Glory. LG2080 is an earlier maturing variety than Cargimontana and Kelvedon Glory. Three seeds of maize were sown in each pot, and thinned to one per pot after emergence. Uninfected pots of maize were established at the same time. Four replicates of infected and uninfected pots of each maize variety were established.
Striga detached leaf experiment
Fully expanded leaves of S. hermonthica were detached from 3-month-old plants and placed at room temperature until they had lost 0, 5, 10, 15 or 20% of their fresh weight. Ten leaves per replicate were then wrapped in aluminium foil, placed in a sealed plastic bag and left at room temperature in the dark for 16 h. It has previously been shown that there is a delay of 30-60 min before ABA synthesis is triggered by stress (Dorffling et al., 1980) , and that wilted leaves kept in darkness in sealed bags at room temperature take several hours to reach a maximum ABA concentration, which then remains steady for up to 30 h (Zeevart, 1980) . The 5. hermonthica leaves were then frozen in liquid nitrogen and the tissue assayed for ABA concentration.
Statisbcs
The data were analysed by 2-way ANOVA or Student's Mest. There were no significant interaction effects between cultivar and Striga treatment. Relevant /"-values have been given in the figure legends. Figure 1 (a-c) shows that from 24 DAP, ligule height was significantly lower in S. hermonthica-infected host plants compared to the uninfected controls. There was no significant difference between the mean growth responses of the three cultivars to infection. By 45 DAP, mean ligule height of infected plants was 25-40% lower than in the controls. Total biomass of infected plants 45 DAP was not significantly different from the controls ( Fig. 2a ) although there was a trend towards a reduction in biomass in infected hosts. However, when the biomass data for individual parts of the plants were examined, striking differences were observed between parasitized plants and controls. Figure 3a shows the data for pseudostem biomass in the three varieties. Plants infected with S. hermonthica had significantly less pseudo-stem dry mass in comparison with the controls, as shown by 2-way ANOVA analysis. This reduction amounted to approximately 50% of the control value for each of the three varieties. Similarly, leaf biomass was also significantly lower in infected plants. The maize cv. LG2080 had more leaves than the other two cultivars at the time of harvest, but the response to Striga was essentially the same, with a 30% reduction in biomass in comparison with the controls (Fig. 3b) . The reduction in leaf biomass was partly due to the fact that by this stage in the association, leaf development was retarded in infected plants (an average of eight fully expanded leaves in the infected plants, compared to 10 in the control plants). It was also found that, as the parasitic association developed, the dry weights of individual leaves were lower than those of the control plants (Fig. 4a-c) . It has been shown previously that the specific leaf area of Sfnga-infected plants is unchanged in comparison with controls (Cechin, 1994) , so a reduction in dry weight should reflect a concomitant reduction in leaf area. There was no significant difference between the dry weights of the first five leaves produced in infected plants versus the controls. However, the biomass of leaves six, seven and eight was significantly lower in infected plants compared with the controls, with a reduction of up to 35% in parasitized plants.
Results
Growth measurements
Below ground, the effects of the parasitism on biomass accumulation were the reverse of those above ground. Figure 5 shows the data for root biomass, and reveals that there was a large (50-60%) increase in root dry weight in the infected plants relative to the controls. The overall result of these alterations in biomass allocation was a significant increase in the root:shoot ratio in parasitized plants, as illustrated in Fig. 6 .
Stomatal conductance
Stomatal conductance of maize leaves 45 DAP was much lower in S. hermonthica-infected plants than in the controls. Figure 7 reveals that, although there were varietal differences in the absolute rates, the stomatal conductance of all three varieties was reduced in infected plants; by 70% in LG2080, by 85% in Kelvedon Glory, and by over 90% in Cargimontana relative to the uninfected controls. Measurements were made on the most recently expanded leaf of each plant. Stomatal conductance was measured between 11 a.m. and 6.30 p.m. in other experiments with maize and S. hermonthica and lower stomatal conductance in infected plants compared to uninfected controls was consistently found from approximately 35 d into the association (data not shown).
Tissue ABA concentrations ABA concentrations were found to be significantly higher in tissue from the youngest fully expanded leaves of maize plants which were infected with S. hermonthica, relative to the controls (Fig. 8) . However, the three cultivars did not all respond to the same degree. The ABA concentration in maize cv. Cargimontana was approximately 60% higher in parasitized plants, whereas there was little difference between infected and parasitized plants of the cv. Kelvedon Glory. The cv.
LG2080 showed an intermediate response, with an elevated ABA concentration of approximately 30%. To determine whether the differ- ence between cultivars in host ABA concentration relative to the controls may have been as a result of differences in the degree of infection by S. hermonthica, regression analysis between Striga above-ground biomass versus
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host ABA concentration as a percentage of the control was carried out. However, there was no indication of a significant relationship between these factors (r^ 0.185) (data not shown). Above-ground biomass data for Striga hermonthica 45 DAP are presented in Fig. 2b .
Shoot tissue from 5. hermonthica was found to contain significantly higher concentrations of ABA than the host. Figure 9 shows that the ABA concentration in S. hermonthica was more than an order of magnitude higher than in the host leaf tissue.
Striga detached leaf experiment
ABA concentrations in detached leaves of S. hermonthica were significantly higher in leaves which were allowed to lose more than 10% of their fresh weight, compared to leaves which were not wilted. Figure 10 shows that the ABA concentration was increased approximately 3-fold in leaves which lost more than 10% of their fresh weight.
Discussion
Growth
Growth and allocation of biomass were altered in all three of the maize varieties tested when infected with 5. hermonthica. After 45 d infected plants were shorter, had fewer fully expanded leaves, and less pseudo-stem and leaf biomass than the controls. In contrast, the root dry mass was higher in infected plants than in the uninfected controls, which resulted in a higher root: shoot ratio in the parasitized plants. Similar results have been recorded for sorghum parasitized by S. hermonthica Cechin and Press, 1993) . Pseudo-stem height in maize appears to be a particularly sensitive indicator of attachment of the parasite. Heights of infected plants were significantly lower than those of uninfected plants from 24 d after planting, 11 d before the parasites began to emerge above soil level. The fact that some of the detrimental effects of parasitic angiosperms on host physiology commonly occur before emergence of the parasite (Parker, 1984) has led to suggestions that the parasites may have a pathological effect on the host (Musselman, 1980; Parker, 1984; . However, to date there is no evidence that parasitic angiosperms transport toxic substances into the host.
Stomatal conductance
Maize plants of all three varieties tested here experienced severely reduced stomatal conductance when infected with S. hermonthica. This supports previous observations on parasitized sorghum . Stomatal closure of the host may benefit the parasite in that it may divert more water and nutrients from the host to the parasite, particularly as the stomatal conductance of a parasitic angiosperm is generally higher than that of its host (Seel et al., 1992) . However, a less beneficial effect of the reduced stomatal conductance is the inevitable reduction in host photosynthesis, which will ultimately reduce the carbon available for both host and parasite (Seel et al., 1992) .
ABA in the host-parasite relationship
The observations on the effects of S. hermonthica on host biomass allocation and stomatal conductance could be at least partly the result of an alteration in the concentration of ABA. Quarrie (1991) collated the effects of increased ABA concentration on a number of non-parasitic plants, which included reduced stem height, increased root biomass and lower stomatal conductance. ABA has also been shown to inhibit leaf expansion (Van Volkenburgh and Davies, 1983 ). There was a significant effect of Striga infection on the ABA concentration of infected maize leaf tissue, although there were differences between the three cultivars. The ABA concentration of infected maize leaf tissue in the variety Cargimontana was 60% higher 45 DAP in comparison to the uninfected plants. Parasitized LG2080 plants had a 30% higher ABA concentration than the controls. These data compare well with the work of Drennan and El Hiweris (1979) who recorded that ABA concentrations increased by 39% and 85% in shoot tissue of two varieties of sorghum infected with 5". hermonthica, 56 DAP. In contrast, the third maize variety tested, Kelvedon Glory, showed little difference in the leaf ABA concentration of infected versus control plants despite obvious visible effects on biomass. Regression analysis showed that at this stage in the association, there was no correlation between the above-ground biomass of S. hermonthica and the host ABA concentration for any of the cultivars. Similarly, no relationship was found between Striga biomass or number of Striga attached and host stomatal conductance, root biomass or pseudo-stem biomass (data not shown). This is not too surprising, as it has previously been shown that the degree of infection was of less importance than the infection itself in determining the deleterious effects of S. hermonthica on host growth and physiology . In other experiments in this laboratory, the time at which the parasites emerge above ground can affect the subsequent development of the host, with earlier emergence being associated with an increase in the severity of the symptoms (Taylor and Seel, unpublished results). In this experiment, the parasites on cv. Cargimontana emerged above soil level in the infected plants a few days earlier than in the two other varieties examined, so it is possible that this may have contributed to the difference in ABA concentration recorded between varieties. Despite these differences, the visible symptoms in the three varieties were very similar. In order to determine whether changes in ABA concentration really cause the observed effects on host growth and physiology, it is necessary to measure the ABA status in growing tissue throughout the association. There may be important interactions between the timing of ABA production and the sensitivity of the tissue with which it comes into contact.
Where does the ABA come from?
There are two possible sources of the extra ABA in the association: it may be host-derived, or it may be synthesized in the parasite and transported into the host. Drennan and El Hiweris (1979) concluded that the extra ABA was produced by the host, as they found no evidence for high concentrations of ABA in S. hermonthica shoot tissue. In contrast to their results, however, the ABA concentration in shoot tissue of S. hermonthica was found to be at least an order of magnitude higher than the concentration in both the infected and uninfected maize plants. Similar results have also been obtained with S. hermonthica grown on sorghum (Seel, Cechin and Press, unpublished results) . High ABA concentrations have also been recorded in other parasitic angiosperms such as Cuscuta reflexa, particularly in haustorial regions of the parasite (Ihl et al., 1984; De Bock and Fer, 1992) . Therefore it is possible that any extra ABA in the infected host plants may be synthesized by the parasite and transported to the host, or it may be synthesized by the host, or a combination of the above.
A first step in trying to elucidate the source of the increase in ABA was to determine whether or not S. hermonthica was capable of synthesizing ABA in isolation from its host. An experiment was therefore performed in which S. hermonthica leaves were detached and allowed to lose a pre-detertnined percentage of their fresh weight before being assayed for ABA. Leaves which lost 10% or more of their fresh weight contained three times the ABA concentration of leaves which were not wilted. This demonstrates that S. hermonthica is capable of detecting and responding to water stress in isolation from its host. It does not show, however, whether the ABA increase is a result of de novo synthesis, or if it is re-mobilized from existing stores (which could be either host-or parasitederived).
The evidence from the literature points to deconjugation playing a very minor, if any, role in stress-induced free ABA (Zeevaart and Creelman, 1988; Vernieri et al., 1994) , hence it is likely that most or all of the increase in ABA was due to de novo synthesis, perhaps combined with a reduction in the rate of catabolism. This indicates that the elevation in host ABA could be derived from the parasite. However, there is little evidence of transport from parasite to host in such associations. Tracer studies have shown that minerals and organic compounds were readily transported from sorghum to S. hermonthica, but that there was insignificant translocation of labelled products from parasite to host (Okonkwo, 1966) . Similar results were obtained by Govier et al. (1967) in a study of the root hemiparasite Odontites verna and a range of host species. More recently, De Bock and Fer (1992) showed that [2-14 C]-labelled ABA was exported from the host petiole of Pelargonium zonale to the shoot of the attached parasite, Cuscuta reflexa. However, Pate et al. (1994) found evidence of back-flow of S-ethenyl cysteine, a novel amino acid from the root hemiparasite Olax phyllanthi, into various hosts. This only occurred when the parasitic association underwent severe water stress to the extent that the parasite wilted. In our experiments, the plants were kept well-watered throughout the association, so it is unlikely that any such back-flow would have occurred. However, further work needs to be carried out to clarify to what extent and under which circumstances substances can move from parasite to host.
Implications of elevated ABA in parasitic associations
Why should there be an increase in the concentration of host ABA in this hemiparasitic association? The two most likely reasons are (i), a wounding response, and (ii), a perceived water deficit by the host (although a third possibility, that the parasite synthesizes and exports ABA as part of its strategy, can not be ruled out, and will be tested using radioactive tracers). The first possibility is that the host ABA concentration increases as a result of wounding stress, due to the attachment of haustoria to the host roots. The fact that changes in growth of the host can be observed well before the parasites emerge above soil level would suggest that this may well be a contributory factor, particularly in the early stages of the association, when it is unlikely that the parasite is causing a significant drain on the water and nutrient supply of the host. Although care was taken to ensure that there was no water shortage during the experiment, it is possible that the profligate use of water by S. hermonthica may have led to localized tissue water deficit around the haustorial junction and hence signalled to the host that water was in short supply. It has been shown that maize plants can respond to changes in soil water status by reducing shoot growth and stomatal conductance, following increases in the concentration of ABA in their xylem sap, before there is any detectable difference in the water relations of the leaves (Zhang and Davies, 19906) . It is notable that S. hermonthica maintains a high rate of stomatal conductance even though the tissue ABA concentration is extremely high. This is probably at least partly due to the very high levels of potassium which are present in leaves of the parasite (Smith and Stewart, 1990) . It is also likely that S. hermonthica is less sensitive to ABA than the host plant. It has been shown previously that S. hermonthica is relatively insensitive to exogenously applied ABA and water deficit in comparison to a related, non-parasitic species (Shah et al., 1987) .
There are a number of potential benefits to the parasite which could result from an elevation in host ABA and its consequent effects on host physiology. As already suggested, a reduction in stomatal conductance of the host is likely to increase the flow of water and nutrients to the parasite, in view of the fact that the stomatal conductance of the parasite remains high except in extreme cases of water stress. Similarly, the reduction in host shoot growth which may be a consequence of elevated ABA would represent a reduction in potential host sink size, which would also ultimately make more water and nutrients available to the growing parasite. In addition, the increase in host root biomass would assist in the uptake and supply of water and nutrients from the soil. It is also possible that ABA may have a more direct effect on the uptake of nutrients from the host. In some plants, ABA can increase both the volume flow and rate of ion release to the xylem (Glinka, 1980) . ABA may also be involved in phloem unloading (Brenner, 1987) , which could benefit the parasite by increasing the availability of carbon at the haustoria. De Bock and Fer (1992) reported that high levels of ABA were important in the transfer of sucrose from Pelargonium zonale to the parasitic angiosperm Cuscuta reflexa.
In conclusion, ABA concentration has been shown to be higher in infected maize leaf tissue in comparison to the uninfected plants in two of the three varieties tested, and that the ABA concentration in shoot tissue of S. hermonthica is more than an order of magnitude higher than that of the host plants. Many of the symptoms of 5". hermonthica infection described here could be at least partly explained by an increase in host ABA concentration, although at this stage there is only correlative evidence. It has also been shown that detached leaves of S. hermonthica are capable of detecting and responding to water deficit by synthesis or re-mobilization of ABA. It is clear that further characterization of the role of ABA and other plant growth regulators in associations between parasitic angiosperms and their hosts will further enhance an understanding of the observed effects of the parasite on host physiology.
